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ABSTRACT
The supermassive black holes (SMBHs) of narrow-line Seyfert 1 galaxies (NLS1s)
are at the lowest end of mass function of active galactic nuclei (AGNs) and prefer-
entially reside in late-type host galaxies with pseudobulges, which are thought to be
formed by internal secular evolution. On the other hand, the population of radio-loud
NLS1s presents a challenge for the relativistic jet paradigm that powerful radio jets
are exclusively associated with very high mass SMBHs in elliptical hosts, which are
built-up through galaxy mergers. We investigated distorted radio structures associated
with the nearest gamma-ray emitting, radio-loud NLS1 1H 0323+342. This provides
supporting evidence for the merger hypothesis based on the past optical/near-infrared
observations of its host galaxy. The anomalous radio morphology consists of two dif-
ferent structures, the inner curved structure of currently active jet and the outer linear
structure of low-brightness relics. Such a coexistence might be indicative of the stage
of an established black hole binary with precession before the black holes coalesce in
the galaxy merger process. 1H 0323+342 and other radio-loud NLS1s under galaxy
interactions may be extreme objects on the evolutionary path from radio-quiet NLS1s
to normal Seyfert galaxies with larger SMBHs in classical bulges through mergers and
merger-induced jet phases.
Key words: galaxies: active — galaxies: Seyfert — galaxies: jets — radio continuum:
galaxies — galaxies: individual (1H 0323+342) — gamma rays: galaxies
1 INTRODUCTION
The scaling relation between the masses of supermas-
sive black holes (SMBHs) and spheroidal components in
galaxies suggests the regulated co-evolution of SMBHs
and galaxies (e.g., Magorrian et al. 1998; Gebhardt et al.
2000; Ferrarese & Merritt 2000). Elliptical galaxies with
very high-mass SMBHs are thought to be the end prod-
ucts through major mergers with the active galactic nu-
cleus (AGN) feedback mechanism in the quasar era (e.g.,
Hopkins et al. 2008; Kormendy & Ho 2013). The relation
has been established from the samples of elliptical galax-
ies and disk galaxies with classical bulges hosting SMBHs
with relatively large masses (>∼ 107M⊙). On the other hand,
⋆ E-mail: doi.akihiro@jaxa.jp
narrow-line Seyfert 1 (NLS1) galaxies are a class of AGNs
at the lowest end of the SMBH mass function in the local
universe (<∼ 107M⊙ ; e.g., Peterson 2011; Woo et al. 2015).
The samples of active and inactive galaxies with low-mass
SMBHs leads to a significant deviation from the linear rela-
tion between the black hole and spheroid stellar masses (e.g.,
Kormendy & Ho 2013; Graham & Scott 2015; Davis et al.
2019). This is suggestive of a different evolutionary track
in the low-mass regime. NLS1 engines predominantly reside
in late-type galaxies (Deo et al. 2006) with pseudo-bulges
(Orban de Xivry et al. 2011; Mathur et al. 2011). Optical
observations of host morphology suggests the paucity of
the signature of galaxy interactions (Ryan et al. 2007;
Ohta et al. 2007), in addition to the prevalence of strongly
barred spirals/disks (Crenshaw et al. 2003; Deo et al. 2006;
Ohta et al. 2007). These characteristics are indications of
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the internal secular evolution, rather than major mergers,
for the growing processes of NLS1’s central black holes and
host galaxies (Kormendy & Kennicutt 2004).
Meanwhile, the radio jet activity potentially has a
strong link with the co-evolution of SMBHs and galaxies.
The relativistic-jet paradigm is known in which radio galax-
ies and blazars are associated exclusively with elliptical host
galaxies harboring very high mass SMBHs (Kotilainen et al.
1998b,a; Laor 2000; Sikora et al. 2007), with only several
exceptions (Ledlow et al. 1998; Keel et al. 2006; Hota et al.
2011; Bagchi et al. 2014; Mao et al. 2015; Singh et al. 2015).
Additionally, a big fraction of the host galaxies of radio-loud
AGNs are associated with recent or ongoing merger events
(92%−14%
+8%
at z > 1, Chiaberge et al. 2015; 93% at z < 0.2
and 95% at 0.2 ≤ z < 0.7, Ramos Almeida et al. 2012),
suggesting a strong link with the relativistic jet triggering
mechanism. Most of the NLS1s (∼ 93%) are radio-quiet1
(R < 10; Zhou et al. 2006; Komossa et al. 2006), indicating
poor jet activities as a class. Therefore, the hypothesis that
the SMBHs of radio-quiet NLS1s are growing in the internal
secular process without merger events could be understood
as a population out of the framework of the relativistic jet
paradigm + merger-triggered jet activity.
On the other hand, radio-loud objects do exist in the
NLS1 population. Observational evidence that the jet ac-
tivity of the radio-loud NLS1s is associated with host mor-
phology and merger events is still under exploration. Since
most of radio-loud NLS1s are distant objects, optical/near-
infrared observations for investigating their host morphol-
ogy are relatively difficult. There have been some re-
ports for γ-ray emitting NLS1s: PKS 1502+036 possibly in
an elliptical (D’Ammando et al. 2018), FBQS J1644+2619
possibly in an elliptical (D’Ammando et al. 2017) or a
barred lenticular galaxy with a pseudobulge possibly in
a minor merger (Olgu´ın-Iglesias et al. 2017), PKS 2004-
447 in the host with a pseudobulge (Kotilainen et al.
2016), and 1H 0323+342 in a host galaxy showing a
spiral (Zhou et al. 2007) or ring-like morphology sugges-
tive of a merger (Anto´n et al. 2008). For the radio-loud
(not γ-ray-detected) NLS1s, spiral hosts with pseudob-
ulge and galaxy-interaction/disturbance indications were
found in J111934.01+533518.7 and J161259.83+421940.3
(Ja¨rvela¨ et al. 2018) and an observation suggests that
IRAS 20181-2244 is hosted by a late-type galaxy in an in-
teracting system of two galaxies (Berton et al. 2019). Re-
cently, Olgu´ın-Iglesias et al. (2020) reported the results of
deep near-infrared imaging for 29 radio-loud NLS1s, strongly
indicating that their hosts are preferentially disc galaxies
with the signs of pseudobulges (16 sources) and galaxy in-
teraction (18 sources). Six radio-loud NLS1s show an offset
stellar bulge with respect to the AGN, suggesting distorted
morphology due to a galaxy merger. These properties are
suggestive of merger-induced jet activity, but are inconsis-
tent with the relativistic-jet paradigm in which radio-loud
AGNs are exclusively in elliptical hosts. If NLS1s are young
objects eventually evolving into broad-line Seyfert galaxies
with larger mass SMBHs (Mathur 2000), radio-loud NLS1s
1 Radio-loudness R is defined as the ratio of the 5 GHz to the
optical B-band fluxes (Kellermann et al. 1989). A source is con-
sidered radio-loud if R > 10.
could be extreme objects on the evolutionary path from
radio-quiet NLS1s to broad-line Seyferts (Doi et al. 2012)
through merger processes. The fueling mechanism driven by
minor majors has been proposed for the nuclear activity of
broad-line Seyfert galaxies (Taniguchi 1999).
Radio observations provide an another approach to ex-
plore the history of host galaxy’s merger by investigating
distorted radio morphology that possibly contains traces of
the history of jet activity. X-shaped radio galaxies usually
consist of a pair of Fanaroff–Riley class II (FR II)-like ra-
dio arms with active lobes (“primary lobes”) and a pair of
lower-brightness lobes with no hotspots (“secondary lobes”
or “wings”) as relics. The physical origin of the X-shaped
radio galaxies is often discussed in the framework of (1) the
spin-flip scenario, (2) hydrodynamic effects, and (3) the pre-
cession model. The spin-flip scenario postulates a change of
the jet direction due to a sudden flip of black hole’s spin axis
through a coalescence with another black hole in the final
stage of a galactic merger (e.g., Merritt & Ekers 2002). The
hydrodynamic effects as an interaction with the surrounding
interstellar medium in a merger environment (the backflow
diversion model (e.g., Leahy & Williams 1984; Capetti et al.
2002); the jet-shell interaction model (Gopal-Krishna et al.
2012)) are considered if a characteristically distorted struc-
ture is apparent in secondary lobes. The precessing jet
in a binary black hole system formed via a merger (e.g.,
Begelman et al. 1980; Liu & Chen 2007) is postulated in the
middle stage of a galactic merger before two black holes co-
alesce, if a helically curved jet structure is observed. For in-
vestigating the merger experience of radio-loud NLS1s, the
large radio structure that tends to exceed the galaxy scale
and the high spatial resolution of radio interferometry could
surpass optical observation approaches.
1H 0323+342 is the nearest (z = 0.0629; Zhou et al.
2007) object among known γ-ray-emitting NLS1s
(Abdo et al. 2009; Paliya et al. 2014). Thanks to its
proximity, 1H 0323+342 is one of the best sources that
can be investigated by direct imaging of jet activity and
host galaxy. The host galaxy has been resolved on some
level and exhibits a one-armed spiral (Zhou et al. 2007) or
ring-like morphology, likely associated with a recent violent
dynamical interaction of the host galaxy (Anto´n et al.
2008; Leo´n Tavares et al. 2014; Olgu´ın-Iglesias et al. 2020).
The analyses of the bulge profile show a Se´rsic index of
n = 0.88/1.24 at the J/K-band (Olgu´ın-Iglesias et al. 2020;
see also Leo´n Tavares et al. 2014 who reported n ∼ 1.2
based on their model B), suggesting a pseudobulge (n < 2;
Fisher & Drory 2008). The black hole mass is certainly low:
3.4 × 107M⊙ based on reverberation mapping (Wang et al.
2016), which is consistent with estimations based on the X-
ray variability (<∼ 1–4× 107M⊙ ; Yao et al. 2015; Landt et al.
2017; Pan et al. 2018) and the single-epoch relation between
the line width and luminosity (∼ 1–3 × 107M⊙ ; Zhou et al.
2007; Leo´n Tavares et al. 2014), but is an order of mag-
nitude smaller than that given by the black hole–bulge
mass relation (Leo´n Tavares et al. 2014). The parsec (pc)-
scale radio jet is highly relativistic showing a one-sided
structure and and superluminal motions (Wajima et al.
2014; Fuhrmann et al. 2016; Lister et al. 2016; Doi et al.
2018; Hada et al. 2018). For kpc-scale radio structure,
Anto´n et al. (2008) presented two radio images showing a
core plus a two-sided structure with unusual morphology.
MNRAS 000, 1–10 (2020)
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Anto´n et al. (2008) briefly discussed the possibility of
merger-induced morphology for the anomalous radio jet
structure of 1H 0323+342. No more detailed studies have
been made so far for the kpc-scale radio structure of
1H 0323+342.
In the present paper, for 1H 0323+342 we report a
detailed investigation of radio morphology, indicating the
history of changing jet axis. We assume a ΛCDM cos-
mology with H0 = 70.5 km s
−1 Mpc−1, ΩM = 0.27, and
ΩΛ = 0.73. At the distance to 1H 0323+342, an angular
size of 1′′corresponds to 1.2 kpc in the projected distance.
2 DATA AND RADIO IMAGES
We retrieved the Karl G. Jansky Very Large Array (VLA2)
archival data with the project codes AM0601, AM577,
AP0501. These data have a variety of array configurations
(A-, B-, C-, and CD-array) and frequencies (1.4–43 GHz).
The VLA A- and C-array data at 1.4 GHz (AP0501) are
(probably) the same as Anto´n et al. (2008) previously pre-
sented. More improved images are reported in the present
paper.
Data reduction was performed using the Astronomical
Image Processing System (AIPS; Greisen 2003) in accordance
with the standard procedures for the VLA continuum ob-
servation. Final calibrations were performed by CLEAN de-
convolution and self-calibration iteratively using the soft-
ware difmap (Shepherd et al. 1994). We found several radio
sources with significant flux contributions in the primary
beam of the VLA (∼ 30′ at 1.4 GHz) around 1H 0323+342.
We carefully modeled them by the CLEAN procedure for
subsequently iterations of self-calibration. Radio images, in
particular at 1.4 GHz, have significantly improved through
the rejection of the contaminating emission. We display final
images for each array configuration at 1.4 GHz with natural
weighting (Figure 1). We define the names of components,
K0, K1, K2, NE, and SW, as denoted in these images.
A combined VLA A+B+C-array image at 1.4 GHz was
also made (Figure 2). After combining all the 1.4-GHz data,
each of which was separately preprocessed by self-calibration
and subtracting model visibilities of central sources (K0, K1,
and K2), we restored visibilities of central components that
had been constructed from the A-array data to the com-
bined data, and then made an image via tclean in the
Common Astronomy Software Applications (CASA) pack-
age (McMullin et al. 2007). As the result of several trials,
we applied Briggs’s clean with robust = 0 (Briggs 1995) and
beam restoring of 3′′. The NE region seen in the C-array
image were resolved into substructures, named NE0–NE3,
as denoted in the combined image.
The images at the other higher frequencies (8.4–43 GHz;
AM577) are not shown in the this paper, because only a sim-
ilar radio structure consists of K0, K1, and K2 was observed.
Figure 3 shows a radio continuum spectrum for each compo-
nent; the results of flux measurements are listed in Table 1.
2 The VLA is operated by the National Radio Astronomy Ob-
servatory, which is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities,
Inc.
(a) VLA A-array 1.4 GHz (b) VLA A-array 1.4 GHz (restored)
(c)   VLA B-array 1.4 GHz(d) VLA C-array 1.4 GHz
K1K2
NE
SW
K0
10 kpc 10 kpc
50 kpc50 kpc
Figure 1. Radio images of 1H 0323+342 at kpc scales. Contour
levels are separated by factors of 2 beginning at 3σ of the rms
image noise. Beam size is illustrated as a gray circle at lower left in
each panel. (a) VLA A-array image at 1.4 GHz; (b) VLA A-array
image convolved using a restored beam of 3.′′5; (c) VLA B-array
image at 1.4 GHz; (d) VLA C-array image. Component names in
this paper are indicated in images (a), and (d): K0, K1, and K2
are of a VLA-scale core, a jet, and an inner lobe-like structure at
kpc scales, respectively; SW and NE are of a south-west lobe and
an north-east lobe as outermost components, respectively. The
image noises are 1σ = 0.09, 0.44, and 0.33 mJy beam−1 for A-, B-,
and C-array images, respectively.
The error of flux density was determined from root-sum-
square of the assumption for VLA flux scaling error (5% at
1.4–8.5 GHz and 10% at 15–43 GHz) and the source identi-
fication error in the Gaussian model fitting.
3 RESULTS
3.1 Radio morphology
The armed structure in the northeastern side can easily
trace the evolution of jet’s position angle from the nucleus
to the outermost region, while the emission in the south-
western side exhibits an isolated ring-like structure rather
than armed morphology (Figure 2). Significant asymmetry
with respect to the nucleus is also apparent in terms of the
maximum extent and brightness.
In the inner kpc region (Figure 1 (a)), we discovered
a well-defined core–jet–lobe structure with edge-brightened
morphology that is reminiscent of FR II radio galaxies. K0
and K1 are compact and narrow in width, while K2 is sig-
nificantly resolved in the transverse direction of the jet flow.
The structure elongates eastward with a curve, and reaches
∼ 20′′ (∼ 24 kpc in the projected distance) and is termi-
nated at K2 in this image. The one-sided morphology indi-
cates that the K0–K2 structure are in the approaching-jet
side. K0 is a flat-spectrum core with a spectral index of
MNRAS 000, 1–10 (2020)
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VLA  A+B+C-array 1.4 GHz
50 kpc
NE0
NE1
NE2
NE3
1H 0323+342
Figure 2. Combined VLA A+B+C-array image of
1H 0323+342 with a restoring beam of 3′′. Beam size
is illustrated as a gray circle at lower left. Contour lev-
els are 3σ × (−1, 1,
√
2, 2, 2
√
2, 4, 4
√
2, 8, 16, 32, . . .), where
σ(= 0.053 mJy beam−1) is the image rms noise. (Upper)
Radio-intensity map with intensity given by the color bar in
units of Jy beam−1 and overlaid contours. (Lower) Contour
map with descriptions/illustrations of radio components and
structures. Substructures in NE are denoted by NE0–NE3. The
arrow represents the position angle PA = 125◦ for the pc-scale jet.
Red dashed ellipticals are traces of relic lobes (NE3 and SW).
Blue curves represent one of solutions of the recently started
precession model; βinner = 0.65, βouter = 0, and Pprec = 2.5 × 106 yr
(Section 4.3 and Table 2). The bold solid, bold dot-dashed, and
thin solid curves represent the trajectories of the active jet-lobe,
relics, and expected counter jet, respectively.
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Figure 3. Radio continuum spectra of 1H 0323+342. Squares,
diamonds, circles, upward triangle, and downward triangle rep-
resent measured flux densities of K0, K1, K2, SW, and NE, re-
spectively. Symbols connected with solid lines represent quasi-
simultaneous observations. Dotted lines represent fitted power-
law spectra for K1 and K2.
α = −0.24 ± 0.01 at 8.4–43 GHz, where α is the spectral in-
dex in Sν ∝ να, Sν is the flux density at the frequency ν. K1
and K2 are an optically-thin jet and a lobe showing steep
spectra of α = −1.04 ± 0.16 and −0.91 ± 0.11, respectively
(Figure 3).
The northeastern emission (NE) exhibits an outermost
radio emitting region with an elongation up to ∼ 60′′, corre-
sponding to ∼ 72 kpc in the projected distance. NE was not
detected in the VLA a-array images (Figures 1 (a)–(b)), in-
dicating very low brightness. We define sub-structures NE0–
NE3 in NE on Figure 2; NE3 potentially shows ring-like mor-
phology. NE1–NE2–NE3 are well-aligned at a position angle
of ∼ 48◦ from the core K0, which is quite different from the
position angles of the inner FR II-like structure. NE0 is seen
as a bridging emission between the K2 lobe and NE1. Hence,
NE is in the approaching-jet side. No hotspot-like feature is
seen in the NE region.
The southwestern emission (SW) in low brightness (Fig-
ure 1 (d)) has been resolved into an isolated emitting region
in high-angular-resolution images (Figures 1 (b) and (c)). In
the combined image (Figure 2), sub-structures in SW have
been revealed to be shell-like morphology. Therefore, SW
and NE3 apparently form a pair of the outermost lobes. We
cannot find evidence for the centrosymmetric counterpart
corresponding to the jet-lobe structure K1–K2. No bridging
emission as a counter jet connecting with SW was detected.
The total flux density of SW nearly equals to that of NE (Ta-
ble 1). On the other hand, the asymmetry of the NE–SW
morphology is ascribable to the smaller separation distance
and higher brightness of SW than those of NE.
Previously, Anto´n et al. (2008) presented VLA A- and
C-array images at 1.4 GHz, which originated in archival data
(probably) the same as we used (AP0501; Figure 1 (a) and
(d)), and only brief discussions for the radio structure. Two-
sided radio morphology was also pointed out by Anto´n et al.
(2008) based on their C-array image. However, NE compo-
nent was not detected in their A-array image. The emitting
region NE and the internal structures in NE and SW have
MNRAS 000, 1–10 (2020)
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Table 1. Observation data and results of flux density measure-
ments
Project Array ν Sν Comp.
(GHz) (mJy)
(1) (2) (3) (4) (5)
AM0601 VLA-B 1.43 645.3 ± 32.3 K0
40.5 ± 2.1 K1
130.2 ± 6.5 K2
AM577 VLA-CD 8.46 491.7 ± 24.6 K0
4.2 ± 0.5 K1
19.6 ± 1.1 K2
14.96 431.6 ± 43.2 K0
4.6 ± 1.4 K1
14.3 ± 1.9 K2
22.49 396 ± 39.6 K0
3.1 ± 0.8 K1
6.5 ± 1 K2
43.36 330.8 ± 33.7 K0
AP0501 VLA-A 1.45 420.8 ± 21 K0
32.4 ± 1.8 K1
82.2 ± 4.2 K2
AP0501 VLA-C 1.45 26.7 ± 3.5 NE
29.3 ± 3.6 SW
Note. — Column 1: project code; Column 2: telescope array; Col-
umn 3: center frequency; Column 4: flux density; Column 5: com-
ponent name.
been first identified in our study. We point out the FR II-
like morphology of K1–K2 for the first time. These findings
may be ascribable to the improved quality of our images by
a careful treatment of contamination sources outside of the
field of view (Section 2).
3.2 The Position-angle profile of radio structures
Figure 4 is the plot tracing the jet structure in position
angles with a dependence on the angular distance from
the nucleus in the approaching-jet side. K1 was reproduced
with five sub-components using modelfit in difmap on Fig-
ure 1 (a). NE0–NE2 were identified using imfit in CASA.
The position of NE3 is the center of a fitted elliptical. The
pc-scale jet of 1H 0323+342 is being ejected toward the po-
sition angle PA ∼ 125◦ in VLBI images (Wajima et al. 2014;
Fuhrmann et al. 2016; Doi et al. 2018; Hada et al. 2018). On
the other hand, the outermost radio structure NE1–NE3 ex-
tends at PA = 48◦ ± 1◦, quite different from that of pc-scale
jet. The NE1–NE3 structure is also well-aligned toward the
nucleus.
The K0-K1-K2 radio structure is curved, and its posi-
tion angle changes progressively from PA ∼ 120◦ to ∼ 95◦.
The upstream of K1 connects with the pc-scale jet smoothly,
while the outermost radio structure NE1–NE3 is not on
the extension of the trend of the K0-K1-K2 structure. NE0
bridges between K2 and NE1.
It was difficult to trace the distance-dependent structure
on the counter side. The center of the SW lobe is located at
PA ∼ −109◦, which is slightly misaligned by ∼ 21◦ with that
of NE3 lobe.
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Figure 4. Plot of position angle vs. angular distance on
approaching-jet side. Open symbols represent measurements on
VLA images at 1.4–8.4 GHz. A filled symbol at (0.′′007, 125◦) rep-
resents the position angle of pc-scale jets. Solid and dashed curves
represent an expected trajectory by a precession model as an ex-
ample (β1 = 0.7 and Pprec = 2.8 × 106 yr; Section 4.1); note that
this example is not a unique solution. A dot-dashed curve and a
line represent an alternative expected trajectory for a precession
+ deceleration model, which assumes a lower speed (β2 = 0.15) in
the outer region as a head speed of the radio lobe.
4 DISCUSSION
Key findings of the present study are (1) a one-sided, FR II-
like jet–lobe structure at the inner kpc-scale emission (K1-
K2), (2) misalignments in the position angles among the
pc-scale jet, the FR II-like inner kpc-scale structure with
a curve, and an outermost low-brightness radio lobe (NE),
and (3) a spatially identified low-brightness radio emitting
region (SW) on the counter-jet side. We discuss the possi-
ble origin of the apparently peculiar radio morphology in
1H 0323+342.
4.1 The origin of anomalous radio morphology
Overall radio morphology of the γ-NLS1 1H 0323+342 is
reminiscent of X-shaped radio galaxies (e.g., Murgia et al.
2001) but exhibits significant asymmetry. X-shaped radio
galaxies usually consist of a pair of FR II radio arms with
active lobes (“primary lobes”) and a pair of lower-brightness
lobes with no hotspots (“secondary lobes” or “wings”). In the
case of 1H 0323+342, the inner FR II-like radio structure
K1–K2 is interpreted as a primary lobe, and the outermost
emitting region NE is as the secondary lobe. In this scenario,
the primary lobes should be currently energized by the active
nucleus. The inner structure is apparently one-sided, which
is consistent with the existence of a jet and an undetectable
counter-jet due to Doppler boosting/de-boosting (discussed
later in Section 4.3). On the other hand, NE exhibit very low-
brightness and no hotspots. It is likely that the NE region
MNRAS 000, 1–10 (2020)
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is no longer energized by the central engine and a relic as
the past jetted activity. An armed structure is not obvious
in the counter-jet side, but the emitting region SW certainly
appears in a corresponding opposite range of position angles
(between ∼ −80◦ and ∼ −135◦; Figure 2).
The physical origin of the X-shaped radio galaxies may
be discussed in the framework of (1) the spin-flip scenario,
(2) hydrodynamic effects, and (3) the precession model. The
spin-flip scenario postulates a change of the jet direction
due to a sudden flip of black hole’s spin axis through a coa-
lescence with another black hole in a miner merger (e.g.,
Merritt & Ekers 2002). The scenario predicts (i) a rapid
change of jet direction, (ii) reorientation only once, and (iii)
a stable jet axis after the event. The spin-flip scenario can-
not be applied to the case of 1H 0323+342, because of the
observed curved jet structure (K1) up to the active lobe
and the presence of transitional structure (NE0) between
the position angles of the primary and secondary lobes; the
observed structure rather indicates an ongoing gradual re-
orientation. The hydrodynamic effects as an interaction with
the surrounding interstellar medium (ISM; the backflow di-
version model (e.g., Leahy & Williams 1984; Capetti et al.
2002) have also been discussed. In this framework, the jet-
shell interaction model (Gopal-Krishna et al. 2012)) have
been proposed for cases where the “Z-symmetric” morphol-
ogy is apparent in secondary lobes. For 1H 0323+342, this
mechanism is unlikely because of the straight propagation
in the outermost structure of NE1–NE3, which is also well-
aligned toward the nucleus. NE1–NE3 are presumably the
oldest radio structures, but show no evidence of the experi-
ence of hydrodynamical distortion.
The precession model is consistent with at least the in-
ner part of radio morphology, which exhibits the smoothly
curved structure throughout the pc-scale jet, the edge-
brightened jet–lobe (K1–K2), and the transitional emission
NE0. The warping instability of an accretion disc (Pringle
1996) would explain a precessing jet direction; however, it is
a stochastic rather than a regular precession. Alternatively,
a precessing jet can also be present in the case of a binary
blackhole system formed via a merger (e.g., Begelman et al.
1980; Liu & Chen 2007). In the case of 1H 0323+342, pre-
vious work has shown that this object hosts a perturbed
galaxy, that might have resulted from a merging process
(Anto´n et al. 2008; Leo´n Tavares et al. 2014). Hence, we
conclude that the model of precessing jet of a binary black
hole system is most preferable to explain the origin of the
anomalous radio morphology in 1H 0323+342.
4.2 Timescales of the galaxy merger and jet
activity
The optical image of the host galaxy of 1H 0323+342 ex-
hibits colour gradient profiles inside and across the off-
centered ring structure that is very similar to those de-
tected in collisional ring galaxies with star formation
(Anto´n et al. 2008). The timescales of ring formation (∼
50 Myr; Mapelli & Mayer 2012) and star-forming clumps in
interacting and merging systems (∼ 10 Myr; Hancock et al.
2007) can be considered for the age as a merger system for
1H 0323+342.
Meanwhile, it takes a considerable amount of time from
the start of a galactic merger to the formation of a black hole
binary. The dynamical friction timescale where the captured
black hole sinks to the central region of the galaxy is tsink ∼
2 × 108yr (σ∗/200 km s−1)5(m/107M⊙)−3/4, where σ∗ is the
stellar velocity dispersion and m is the mass of the captured
black hole (Merritt & Ekers 2002). For a black hole mass
of M = 3.4 × 107M⊙ for 1H 0323+342 (Wang et al. 2016)
σ∗ ≈ 120 km s−1 is expected from an empirical relation M ≈
0.309 × (σ∗/200 km s−1)4.38109M⊙ (Kormendy & Ho 2013).
As a result, tsink ∼ 10–80 Myr if we assume m/M ∼ 1/3–1/30
as a typical minor major. Thus, this estimated timescale is
consistent with the merger age of 1H 0323+342.
Such a large time scale for the formation of binary black
hole system means that a significantly large radio structure
can be formed before the start of jet precession. The out-
ermost radio emitting region consisting of NE1–NE3 shows
a straight morphology, which is well-aligned toward the nu-
cleus, up to 72 kpc in projected distance; no signature of
distortion by jet precession are seen in this outermost struc-
ture. Assuming a typical advancing speed of ∼ 0.01c–0.1c
for the head of FR II radio lobes (Kawakatu et al. 2008, and
references there in), the estimated age of the radio relic NE3
is roughly 10 –100 Myr (assuming a viewing angle of ∼ 10◦;
Section 4.3), which is consistent with the possible timescale
of the galaxy merger in 1H 0323+342 as discussed above.
Hence, the jet activity of 1H 0323+342 might have started
triggered by the galaxy merger. A large fraction of radio-loud
AGNs are associated with recent or ongoing merger events
(Ramos Almeida et al. 2012; Chiaberge et al. 2015), which
is a strong indication that mergers are the triggering mech-
anism for the launching of relativistic jets from SMBHs.
On the other hand, the curved structure K1–K2 up to
24 kpc in the projected distance can be considered as a jet
recently formed after the binary system had been established
and the precession started. The apparent one-sidedness of
the K1 jet implies the Doppler beaming effect. The jet-to-
counter jet intensity ratio RI > 69 (Eq. A2, the ratio of a peak
intensity of 11 mJy beam−1 in the K1 jet to three times the
image noise σ = 0.053 mJy beam−1 (Figure 2)), constrains
the jet speed β > 0.61 in the units of speed of light. This
leads to an upper limit of the kinematic age of K2, <∼ 1 Myr,
if we adopt a viewing angle of 3◦ (Abdo et al. 2009).
Therefore, the anomalous radio structure of
1H 0323+342 presumably contains traces of the his-
tory of jet activity both before and after the formation of a
binary black hole system.
4.3 A recently started jet precession model
In this subsection, we present a toy model of jet precession
that started from the formation of a binary SMBH system
long after a galaxy merger. Possible timescales and geomet-
ric parameters are provided by this model for the observed
radio morphology in 1H 0323+342.
We initially attempted to reproduce the profile of
the approaching-jet side with a simple precession model
(Caproni & Abraham 2004) that assumes ballistic jets with
a constant speed and a constant precession pitch. The set of
parameters are the jet speed β in the unit of speed of light,
the semi-aperture angle of the precession cone Ω, the angle
between the precession cone axis and the line of sight φ0,
and the period of precession Pprec. We searched parameters
under constraints of (i) β > 0.61 and (ii) the current viewing
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Table 2. Parameters of recently started jet precession model
Case θpc Ω φ0 Pprec tstart θNE1−−NE3 tK2 θK2
(deg) (deg) (deg) (yr) (yr) (deg) (yr) (deg)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
βinner = 0.65, βouter = 0 3 7.3 6.4 2.5 × 106 8.8 × 105 13 2.7 × 105 7.2
Note. — Column 1: the case of jet speeds in the inner and outer kpc scales. We found good solutions
from cases of 0.61 < βinner <∼ 0.7, βouter ∼ 0; Column 2: assumed viewing angle at the pc scale; Column 3:
the semi-aperture angle of the precession cone; Column 4: the angle between the precession cone axis
and the line of sight; Column 5: the period of precession; Column 6: time from precession start;
Column 7: the viewing angle of NE1–NE3; Column 8: the age of K2; Column 9: the viewing angle of K2.
angle θpc = 3
◦. The first constraint comes from the apparent
one-sidedness of the K1 jet (Section 4.2) The second con-
straint comes from the spectral-energy-distribution model-
ing including the γ-ray regime for 1H 0323+342 (Abdo et al.
2009); this viewing angle is consistent with the detection of
superluminal motion of βapp = 9.0 ± 0.3 in the pc-scale jet
(Lister et al. 2016).
We obtained good results in the fit to the currently ac-
tive jet, namely from the pc-scale jet to the outer tip of the
K2 lobe (the solid curve in Figure 4), but, failed in the fit
over the entire angular scales with any combinations of pa-
rameters (the dashed curve in Figure 4). Note that because
of only a limited number of measurements we had to fix the
jet speed β to determine the rest of precession parameters
Pprec, Ω, and φ0. Almost the same trajectories on the sky
plane were obtained with various values of 0.61 < β <∼ 1. How-
ever, NE components were largely deviated from the model
curves. In the cases of β >∼ 0.70 the expected trajectory in the
counter-jet side cannot reach the distance of SW region in
a single precession cycle, because of huge asymmetry due to
the light-travel-time effect (Eq. (A1)). Hence, we postrate
that the jet has become sub-relativistic (0.61 < β <∼ 0.70)
from the highly relativistic (β ∼ 0.995, e.g., (Fuhrmann et al.
2016)) before escaping the pc-scale region.
Next, we modified the precession model by introduc-
ing (a) different advancing speeds in the inner and outer
distances and (b) a start time of the precession. This step-
wise speed profile was intended to switch from a high speed
(βinner) to a low speed (βouter) at a boundary distance from
the nucleus. The former modification provided a good result
to reproduce the bridging structure of K2–NE0–NE1, when
βouter ∼ 0 (< 0.1). This means that the position angle of
the shock front changes gradually, while the bulk of acceler-
ated synchrotron electrons stay behind at the same position
angle. This is a similar approach applied to the structure be-
tween the active lobe and the tail of wings in X-shaped radio
galaxies (Gong et al. 2011). By the later modification, before
the precession started, we consider that the shock front was
continuously supplied with kinetic energy through the jet
at PA = 48◦ to form the linear structure that extends fur-
ther away (NE1–NE3). Consequently, this recently-started
precession model including a deceleration is well-reproduced
the NE structure as shown in dot-dashed curve/line in Fig-
ures 2 and 4). Table 2 lists the determined parameters for
the case of βinner = 0.65 as representative case. For the cases
0.61 < β <∼ 0.70, determined parameters were very similar.
In this scenario, the jet speed was βinner ∼ 0.6–0.7 in
the inner kpc region, and has changed to βouter ∼ 0 at a dis-
tance where the outer tip of the K2 lobe is observed. The
jet initially directed to PA ∼ 48◦ and a viewing angle of
θNE1−−NE3 ∼ 13◦ and formed the NE1–NE3 structure of lin-
ear morphology; a precession started tstart ∼ 1 Myr ago with
the period of precession Pprec ∼ 3 Myr, the position angle
of the hotspot gradually moved and NE0 was left out as a
relic; the kinematic age of the currently observed K2 lobe is
tK2 ∼ 0.3Myr (at the viewing angle θK2 ∼ 7◦) in the observer
frame. The precession continues today as jet’s viewing an-
gle decreases (θpc = 3
◦ at the pc scale) and 1H 0323+342is
detected in γ-rays.
By using Pprec ∼ 600(r/1016cm)5/2(M/m)(M/108M⊙)−3/2 yr
(Begelman et al. 1980) and assuming a typical minor merger
(m ∼ 0.1M), an orbital radius of ∼ 0.05 pc is estimated,
which is far from the range where the orbit is effectively
shrunk via gravitational radiation. The central engine of
1H 0323+342 may be currently in the intermediate stage
of a binary black hole system. We tried to detect the
expected winding structure in the pc-scale jet in the series
of very-long-baseline interferometry (VLBI) images3 of
1H 0323+342 during our previous study (Doi et al. 2018).
However, no significant sign beyond measurement errors
was detected because the expected amplitude 0.05 pc
corresponding to 0.04 milli-arcsecond (mas) was too small
in the jet extending to about 10 mas.
4.4 Relics as a reservoir of past jet powers
NE0–NE3 seen far from the edge-brightened active lobe K2
was found in very low brightness, and the outermost region
NE3 shows no clear evidence of a hotspot. Hence, NE0–NE3
are no longer energized by the nucleus through jets and is
therefore left as radio relics on the approaching-jet side.
SW exhibits shell-like morphology with low brightness
without armed structures, and is likely to form outermost
paired lobes with NE3 that also shows a ring-like structure
(Figure 2). The northern part of SW (PA ∼ −85◦) looks
as if it were a counter lobe corresponding to K2, because
roughly a comparable separation (∼ 20′′) was observed on
each side. However, we can rule out the possibility, because
the light-travel-time effect (Eq. (A4)) postulates a much less
arm length of < 8′′ in the counter-jet side in the case of the
3 We used VLBI images obtained at 15.3 GHz in the Monitoring
of Jets in AGNs with very long baseline array (VLBA) experi-
ments (MOJAVE; Lister & Homan 2005)
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jet speed β > 0.61 (Eq. (A1)). Moreover, the total flux den-
sity of SW nearly equals to that of NE, which indicates that
the advancing speeds of the both lobes have been decelerated
to β ∼ 0 in the framework of Doppler beaming effect (the
flux density ratio RF ∼ 1, Eq. (A3)). Hence, the whole emis-
sion of SW can be interpreted as a relic on the counter-jet
side.
The paired relic of NE/SW exhibits highly asymmetric
morphology in terms of the maximum extent, brightness,
and position angle. The arm-length ratio of RL ∼ 60′′/25′′
(Eq. (A1)) cannot make a compromise with the flux den-
sity ratio RF ∼ 1 (Eq. (A3)) even at any possible values
of the jet speed β and viewing angle θ. In addition, signifi-
cantly higher surface brightness in the counter-jet side (SW)
compared to the approaching side (NE). Such properties are
possibly caused by jet interactions with an inhomogeneous
ISM (e.g., Gopal-Krishna & Wiita 2004). In the SW region,
the same amount of jet kinetic energy may be confined in
a cavity smaller than the NE region. The misalignment by
PA ∼ 21◦ between the centers of SW’s and NE3’s elliptical
outlines is also ascribable to the interaction in surround-
ing environments that is asymmetric on approaching- and
counter-jet sides.
Using the relation between the radio luminosity and
the cavity power in X-ray-emitting hot gas (Cavagnolo et al.
2010), we estimated the kinetic power of lobes NE and SW
to be ∼ 1043.7 ergs s−1, which is comparable with or slightly
less than an estimate for the innermost jet that emits γ-
rays (1044–1045 ergs s−1; Paliya et al. 2014). This relatively
large power suggests that the past jet activity also had suf-
ficient jet kinetic powers for escaping to kpc scales in the
form of supersonic lobes, which make FR II morphology
(Kawakatu et al. 2009).
Edge-brightened, FR II-like radio morphol-
ogy at kpc scales has been evidently discovered
in a fraction of radio-loud NLS1s: PKS 0558-504
(Gliozzi et al. 2010), FBQS J1644+2619 (Doi et al.
2011, 2012), SDSS J120014.08−004638.7 Doi et al.
2012, J0953+2836, J1435+3131, J1722+5654
(Richards & Lister 2015), J0814+5609 (Berton et al.
2018), SDSS J103024.95+551622.7 (Rakshit et al. 2018;
Gaba´nyi et al. 2019), while an FR I-like one has been
found in the radio-quiet/intermediate NLS1 (Mrk 1239,
Doi et al. 2015). These FR II-like structures extend up
to ∼ 10–100 kpc in the projected size, indicating that
supersonic jet flows with sufficiently large jet kinetic powers
are emanated from the NLS1 central engines even with
low masses of SMBHs, in addition to evidence for the
long-lasting (>∼ 107 yr) FR II jet activity (Doi et al. 2012).
Thus, 1H 0323+342 in the present study is similar to these
radio-loud NLS1s with FR II-like radio morphology in terms
of the jet power and the age of jet activity (Section 4.2).
In these radio-loud NLS1s, significantly curved ra-
dio structure on their one side are seen in some cases
(FBQS J1644+2619, J1435+3131, and J0814+5609), al-
though well-aligned paired lobes at opposite directions are
mostly observed. Interestingly, the brightest knot appears at
the middle of a radio arm that also exhibits lower-brightness
radio emission at the outermost region (J1435+3131 and
J0814+5609). Such an arrangement is similar to the com-
bination of K2 (the inner active lobe) and NE (the outer
relic) in 1H 0323+342. These outermost emissions might be
relics abandoned due to the historical change of jet direction
by precessions in binary black holes or flips of black hole’s
spin axis through coalescences in galaxy merger processes.
Further researches are demanded in the future.
4.5 Implications of 1H 0323+342 for the evolution
of SMBHs and galaxies
Our radio observations has provided insight that
1H 0323+342 is associated with a merging system, from a
different approach based on the distorted jet morphology.
The result is supporting the previously reported signs of a
recent violent dynamical interaction based on optical/near-
infrared observations (Zhou et al. 2007; Anto´n et al. 2008;
Leo´n Tavares et al. 2014; Olgu´ın-Iglesias et al. 2020). The
anomalous radio morphology, in which inner curved struc-
tures of the FR II-like jet and the outer linear structure
of relics coexist (Section 3), is indicative of the stage of
an precessing black hole binary before the black holes
coalesce in the galaxy merger process on the radio-loud
NLS1 1H 0323+342 (Sections 4.1 and 4.2) .
On the other hand, the Se´rsic index based on the
surface-brightness analysis for the host galaxy suggests the
presence of a pseudobulge (Olgu´ın-Iglesias et al. 2020; see
also Leo´n Tavares et al. 2014), which is thought to be de-
veloped through internal secular evolution with little expe-
rience of galaxy mergers. Therefore, 1H 0323+342 is a pecu-
liar AGN, which conflicts with the relativistic-jet paradigm
that radio-loud AGNs are exclusively associated with very
high mass SMBHs in elliptical hosts, which is thought to be
built-up through mergers.
Importantly, 1H 0323+342 is not the only radio-
loud NLS1 associated with a pseudobulge. Kotilainen et al.
(2016) have discovered a pseudobulge in the host
galaxy of the γ-ray-emitting NLS1 PKS 2004-447.
Olgu´ın-Iglesias et al. (2017) found a barred lenticular
morphology with a pseudobulge and a minor merger
sign in the γ-ray-emitting NLS1 FBQS J1644+2619 (cf.
D’Ammando et al. 2017). Olgu´ın-Iglesias et al. (2020) re-
ported the signs of disky (pseudo) bulges in many radio-loud
NLS1s. These examples suggest the powerful relativistic jets
can be launched from engines of low-mass SMBHs in pseu-
dobulges, which challenges the conventional paradigm.
Interestingly, the black hole mass of 1H 0323+342 is
3.4 × 107M⊙ based on reverberation mapping (Wang et al.
2016), which is certainly much lower compared to typ-
ical radio-loud AGNs, but at the high-mass end of the
NLS1 population. Similarly, other radio-loud NLS1s also
have relatively larger mass black holes (Komossa et al.
2006; Doi et al. 2012). This trend is partly approaching the
relativistic-jet paradigm in the sense that relatively large
mass black holes are preferentially present in radio-loud ob-
jects in the NLS1 population. Additionally, unlike radio-
quiet NLS1s, the sign of galaxy interaction is frequently
associated with radio-loud NLS1s (Olgu´ın-Iglesias et al.
2020) including 1H 0323+342. On the hypothesis that
a merger triggers jet activity (Chiaberge et al. 2015;
Ramos Almeida et al. 2012), it is likely that these radio-
loud NLS1s became radio-loud from radio-quiet AGNs in the
NLS1 population. Thus, 1H 0323+342 and other radio-loud
NLS1s in pseudobulges under galaxy interactions might be
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extreme NLS1s on a way of the evolutionary track to normal
Seyferts with larger SMBHs and classical bulges.
5 CONCLUSION AND SUMMARY
The host galaxy of the radio-loud γ-ray-emitting NLS1
1H 0323+342 exhibits a combination of the two contradic-
tory signs, a disturbed morphology due to a recent merger
and a pseudobulge suggestive of internal secular evolution
with little merger experience before. In the present study,
we presented detailed investigations of the distorted radio
morphology associated with 1H 0323+342. The precession
may be attributed to the binary black hole system, which
were recently formed by capturing the secondary black hole
through the merger process. The observed peculiar radio
morphology is interpreted as the result of changes in the di-
rection of black hole’s spin axis, in a framework in which
a binary black hole system is formed via a merger process.
Thus, 1H 0323+342 is an example among radio-loud NLS1s
in pseudobulges under galaxy interactions, which might be
extreme NLS1s on a way of the evolutionary track from
radio-quiet NLS1s to AGNs with larger SMBHs and clas-
sical bulges. The conclusion have been made by following
summary of our investigations based on radio imaging for
1H 0323+342:
• We made radio images at frequencies of 1.4–43 GHz
from VLA archival data. At 1.4 GHz, detailed radio struc-
tures of 1H 0323+342 has been revealed from the combined
data obtained with A-, B-, and C-array configurations.
• The inner kpc-scale jet shows a one-sided, jet–lobe
structure terminated at ∼ 20′′ (corresponding to ∼ 24 kpc
in projected size) from the nucleus, and exhibits an FR II-
like edge-brightened radio morphology. This radio structure
is curved, smoothly connected with the pc-scale jets, and
therefore, currently energized by the central engine.
• In the further outside, a low-brightness radio emitting
region is distributed linearly up to ∼ 60′′ (∼ 70 kpc in pro-
jected size) at a position angle significantly different from
those of the inner kpc-scale structure and pc-scale jet. A
low-brightness component in the counter-jet side was also
identified, and is separated without the bridging structure
from the nucleus. The two outermost components are almost
equal in flux density, indicating substantially decelerated in
advancing speeds. These outer components are left as relics
of past jet activities.
• The precessing binary black hole scenario in the frame-
work of X-shaped radio galaxies is most preferable to explain
the anomalous radio morphology. It potentially took a sig-
nificant time for dynamical friction to establish the binary
black hole system (∼ 10–80 Myr) from the beginning of the
galaxy interaction. This timescale is comparable to a possi-
ble kinematic age of the outermost radio component (∼ 10–
100 Myr). The jet activity might be triggered by a merger
event. The estimated kinematic age of the inner jet–lobe
structure with a curve trajectory is only ∼ 1 Myr. Preces-
sion may have started when the binary black hole system
was established at the galactic center.
• We presented a possible solution in a recently-started
jet precession model. The pc-scale and inner kpc-scale jets
with a curve (K1–K2) was fitted well with a simple preces-
sion model. The base of jet is now almost pole-on viewed.
The low-brightness bridging emission (NE0) can also be re-
produced as a relic on the precession trajectory of the shock
front. The outermost low-brightness linear structure (NE1–
NE3) is considered as a relic linearly expanded to the initial
direction without precession.
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APPENDIX A: DOPPLER BEAMING EFFECT
AND LIGHT-TRAVEL-TIME EFFECT
If we consider jets of a ballistic motion with a same con-
stant advancing speed on the both side and a same intrinsic
intensity/flux density on the both side. The apparent arm
length ratio (RL), the observed intensity ratio (RI), the ob-
served flux density ratio (RF) of an approaching and receding
jet, and the apparent jet velocity βapp are expressed as (e.g.,
Ghisellini et al. 1993; Gopal-Krishna & Wiita 2004)
RL =
1 + β cos θ
1 − β cos θ , (A1)
RI =
(
1 + β cos θ
1 − β cos θ
)2−α
, (A2)
RF =
(
1 + β cos θ
1 − β cos θ
)3−α
, (A3)
βapp =
β sin θ
1 − β cos θ , (A4)
where β is the jet speed in the unit of speed of light, θ is the
viewing angle.
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